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a  b  s  t  r  a  c  t
Li1−xNb1+x/5O3 (where  x =  0, 0.025,  0.045,  0.075)  ferroelectric  ceramics  were  prepared  by the  solid-state
reaction  method;  X-ray  diffraction  patterns  indicate  that  single  phase  was  formed  for  pure  LN  ceram-
ics.  The  electrical  behavior  of  the  ceramics  was  studied  by  impedance  spectroscopy  technique  in  the
300–1000 ◦C  temperature  range.  Impedance  analysis  was  performed  revealing  a conductivity  data  which
ﬁtted  in  the modiﬁed  power,  ac(ω)  = A · ωn1 +  B  · ωn2 and  evidence  of two  types  of  conduction  process.eywords:
onductivity
mpedance spectroscopy
olaron
eramics
The low-frequency  conductivity  is  due  to long-range  ordering  (near  frequency-independent)  and  high-
frequency  conduction  due  to  the  localized  orientation  hopping  mechanism.  The  static  conductivity  is
determined  for  all compositions  from  Cole–Cole  diagrams,  and  the evolution  vs  temperature  is studied
as  a function  of  the  Li/Nb  ratio.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Lithium niobate has been the subject of extensive studies. Due
o its excellent piezoelectric pyro-electric, electro-optic and pho-
orefractive properties, lithium niobate LiNbO3 (LN) has become
ne of the most important crystal materials for research because of
ts several device applications, such as in photorefractive devices,
olographic memories, electro-optic modulators, waveguide struc-
ures, etc. [1–4]. The structure of ferroelectric LiNbO3(LN) belongs
o space group R3C and can be considered as a superstructure of the
-Al2O3 corundum structure with Li+ and Nb5+ cations along the c
xis [5]. LN is well known to be narrow-range non-stoichiometric
ompounds; the solid solubility range extends from about 50 to
2% mol  Nb2O5 for LN [4].
LN is usually grown with congruent non-stoichiometric com-
osition and exhibits a certain amount of deﬁcit of lithium (Li)
howing speciﬁc intrinsic defects in its crystals which considerably
hange its acoustical, optical and other properties because the
xcess Nb5+ ions in congruent position of LN occupy only the
egular Li-sites. So its required local charge neutrality can be
uaranteed by oxygen vacancies, by Li vacancy at Li-site or by
b vacancy at Nb-sites [6–10]. Different defect models were
roposed to account for the non-stoichiometry [11], the oxygen∗ Corresponding author. Tel.: +212 666445886.
E-mail address: bachiri3abdo@yahoo.fr (A. El Bachiri).
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icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
vacancy model was  eliminated [7,12] and among see the cation site
vacancy models, the Li-site vacancy model [7,13,14] seems more
probable than the Nb-site vacancy model [8,15,16]. Therefore, the
Li-deﬁcient crystal may  be formally regarded as one with an Nb
surplus, or in other words, a decreasing Li content is accompanied
by an increasing content of the heavier Nb. The existence of such
a stacking defect, Nb on a Li-site (Nb antisite), was repeatedly
proved by structure studies [8,17]. According to precise data of
X-ray and neutron diffraction, only 1% of the Li-site is occupied
by Nb (Nb antisite), whereas about 4% of the Li-sites are empty (Li
vacancy) [5]. This existence of a high concentration of Li vacancies
in congruent LN was conﬁrmed by other structure reports [17,18]
and NMR  (Nuclear Magnetic Resonance) spectroscopy studies [19].
However, polycrystalline lithium niobate due to its dielectric
and piezoelectric properties, etc. also has important technological
applications. Otherwise, those properties are strongly dependent
on the method of preparation. Dielectric and electrical properties
of LiNbO3 ceramics have been investigated in the past several years.
To ensure practical device applications, it is necessary to improve
the ferroelectric and electrical properties [20–22].
Recently, Mg-doped LiNbO3 ceramics has been prepared by
polymeric precursor method [23], the Simoes et al. analysis indi-
cated that the pure LN and doped with 1 mol% Mg  have good
potentials for evaluation of their piezoelectric applications.
Nitta [24] prepared the sodium-lithium niobate ceramic by the
solid-state method.
The Nitta analysis indicated that the presence of small amounts
of LiNbO3 dissolved in NaNbO3 modiﬁes its dielectric characteris-
tics.
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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Table 2
Values of cell parameters a, c, ratio c/a and cell volume of samples S1,  S2, S3 and S4.
Li/Nb a (A˚) c (A˚) c/a Cell volume (A˚3)
S1 1.007 5.1402 13.8577 2.6959 317.06
S 0.971 5.1425 13.8696 2.6970 318.89A. El Bachiri et al. / Journal of As
Solid solution with LiNbO3 can exhibit piezoelectric, ferroelec-
ric and electro-optic behaviors [25]; sol–gel processing [25,26] has
ecome popular for producing ceramic materials.
LiNbO3 (LN) is isomorphous with LiTaO3 (LT). Several stud-
es have reported on the changes in electrical conductivity of
he lithium tantalite ceramics [27,28]. By complex impedance
pectroscopy, Huanosta et al. [27] studied the variation of the con-
uctivity as a function of the stoichiometry in Li1−5xTa1+xO3. F.
ennani et al. [28] studied the modiﬁcation of the electrical prop-
rties of pure and Ni-doped lithium tantalate.
The electrical properties of polycrystalline LiNbO3 have been
ess studied, although some related works are found in the litera-
ure [20,29]. This study presents the contribution of the complex
mpedance spectroscopy to the investigation of the properties of
olycrystalline LiNbO3 in the 300–1000 ◦C temperature range.
In the present paper, we study the modiﬁcation of the electric
roperties of LN ceramics with different stoichiometries; the elec-
rical properties were investigated by impedance spectroscopy. We
ave tried to improve our understanding by analyzing the electrical
esponse of the grain and grain boundary effects, making an inter-
retation of the microscopic process that allows discerning the role
f grain and grain boundary.
. Experimental
Pure LiNbO3 samples, with a general formula Li1−xNb1+x/5O3
where x = 0, 0.025, 0.045, 0.075), from Li2CO3 and Nb2O5 pow-
ers, were used. The starting materials were high-purity LiCO3
>99.9%) and Nb2O5 (>99.9%). Lithium carbonate and niobium oxide
re mixed by attrition with ZrO2 balls in isopropanol in the 1/3 balls,
/3 isopropanol and 1/3 solid phase ratio and shaken for 12 h. After
he sedimentation, the mixture was dried in a rot-vapor. The sam-
les were ﬁred in three steps of 10 h, with 400 ◦C, 600 ◦C and 800 ◦C.
owders were then isostatically pressed at 2500 bars to give pellets
f 13 mm in diameter and 1 mm in thickness and were sintered at
000 ◦C for 4 h with a heating rate of 100 ◦C/h. To clarify the exact
omposition of the materials studied, an analysis of cations was
ade using ICP-AES (inductively coupled plasma-atomic emission
pectroscopy), in the central analysis unit of the CNRS in Vernaison
France).
For a few compositions, we analyzed three or four samples
f the same composition, to check the reliability of the analy-
es. The concentrations of elements for each sample are S1 (Li:
.4158, Nb: 0.4128), S2 (Li: 0.4033, Nb: 0.4153), S3 (Li: 0.3954,
b: 0.4169), and S4 (Li: 0.3822, Nb: 0.4194) using the following
quations (x ∗ 1 + y ∗ 5 =6 neutrality electric and xy = LiNb = R ratio of
oncentration of elements with R is ratio prepared) with LixNbyO3
ormulae of sample. The number of vacancies was  calculated by
ubtraction of the amount of cation sites. The errors in the formu-
ae obtained were estimated to be about 0.8% for Li, 0.1% for Nb. The
ormulae obtained are reported in Table 1.Ceramics were characterized by X-ray diffraction with a Philips
W 1729 diffractometer using the Cu K wavelength.
The electrical measurements are carried out as function of tem-
erature in an atmosphere of normal lab air. Platinum electrodes
able 1
hemical formulae obtained by analysis and proposed formulae in good agreement
ith the model of Iyi ([Li1−xNbx/5(VLi)4x/5] NbO3) [13], with different stoichiometries
f  LN (where  denotes the empty Li-site).
Samples Li/Nb Experimental formulae Proposed formulae
S1 1.007 Li1.0064Nb0.999O3 [Li0.0064Li][Nb]O3
S2 0.971 Li0.976Nb1.005O3 [Li0.976Nb0.0050.019][Nb]O3
S3 0.948 Li0.957Nb1.009O3 [Li0.957Nb0.0090.034][Nb]O3
S4 0.911 Li0.925Nb1.015O3 [Li0.925Nb0.0150.06][Nb]O32
S3 0.948 5.1531 13.8734 2.6922 319.04
S4 0.911 5.1517 13.8705 2.6924 318.80
were deposited on the pellet surface by painting. The painted pel-
lets were placed in the oven at 700 ◦C for 2 h, to ensure the adhesion
of the electrodes on the ceramic. The evolution of the conductivity
was by complex impedance spectroscopy. Isothermal measure-
ments were carried out between 300 and 1000 ◦C with temperature
steps of 50 ◦C or 100 ◦C. The instrumentation comprised a solatron-
1260 Impedance Gain phase analyzer controlled by a PC computer.
The range of measuring frequencies was 1 Hz to 10 MHz. Applied
voltage was  always 0.5 V.
3. Results and discussion
Ceramics were characterized by X-ray diffraction and scanning
electron microscopy. Fig. 1 shows the X-ray patterns of samples
S2 and S3, and they exhibit the structure of pure LiNbO3 [30], and
uniform grain size of about 3 m.
3.1. Cell parameters
The cell parameters were determined from X-ray patterns
recorded at scanning speed of ¼◦2/min and were reﬁned by least
square method calculations. They are reported in Table 2. When the
Li/Nb ratio decreases, cell parameters and volume increase because
the content of substitution of Li+ ions by Nb5+ increases. If we know
that the ionic radius of Nb5+ (64 pm)  is slightly smaller than that of
Li+ (76 pm), we  should then observe a decrease in these parameters
and not an increase. But as the substitution of Li+ by Nb5+ is accom-
panied by creation of vacancy to keep electrical neutrality of the
product, the oxygen molecules forming the octahedron containing
this vacancy have the tendency to repel because they are not any
more attracted by the cation Li+. Therefore, the mesh increases in
volume; these observations are in good agreement with the results
obtained by Fan et al. [31].
The densities obtained after sintering stage average 4.1 g/cm3, or
89% of theoretical density (4.625 g/cm3), this value is similar to that
obtained by Simoes [23], and also the SEM micrograph of sample
S2 (inset Fig. 1) shows that the material is dense, and that its grains
are homogeneous and almost spherical, fairly regular shape, with
the presence of a low porosity, with an average grain size lying
between 2 m and 3 m.
3.2. Impedance spectroscopy
In order to analyze the grain and grain boundary effects in
LiNbO3, we  employ the impedance [32] spectra as a function of
temperature (300–1000 ◦C) and frequency (1–106 Hz). The goal of
this investigation is to improve our understanding by analyzing the
electrical response of the grain and grain boundary effects, making
an interpretation of the microscopic process that allows discern-
ing the role of grain and grain boundary. The impedance data were
usually modeled by an ideal equivalent electrical circuit compris-
ing of resistance (R) and capacitance (C). The equivalent circuit is
based on the brick-layer model [32]. These polycrystallines show
that grain and grain boundary impedance can be represented by
equivalent circuit as given in Fig. 2. The circuit consists of series
combination of grain and grain boundary elements. The grain cir-
cuit consists of parallel combination of grain resistance (Rg) and
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rain capacitance (Cg) whereas grain boundary consists of parallel
ombination of grain boundary resistance (Rgb) and grain bound-
ry capacitance (Cgb). These two circuits are connected in series
ith the contributions of the electrodes. The electrode–electrolyte
nterface circuit consists of parallel combination of resistance (Re)
nd capacitance (Ce). In order to analyze the grain boundary effects,
e discussed our results in the context of impedance formalism. In
rder to calculate the impedance values, we have used the equation
iven below.
The real (Z′) and imaginary (Z′′) parts of the complex impedance
Z*) were obtained using the following relations:
′ = Z · cos  (1)
′′ = Z · sin  (2)
ig. 3 shows the Nyquist plot of LN samples as function of frequency
t different temperatures. At low temperature, S1, S2, S3 and S4
how very high resistance value, almost straight line, and one can
et resistance values to extrapolate these straight lines to meet
ero frequency position (meet at X-axis). Due to high resistance
almost insulating behavior) of the LN, we have not observed the
eparate effects of grain and grain boundaries at low temperature.
t elevated temperature, the resistance or impedance decreases
ith increase in temperature, showing typical negative temper-
ture coefﬁcient of resistance (NTCR) behavior. Even at elevated
emperature, the grain and grain boundary effects are clear from
he LN Nyquist plot. In order to get clear grain and grain boundary
ig. 2. Equivalent electrical RC circuit for grain, and grain boundary and
lectrode–electrolyte interface effects..045) and SEM micrograph (inset) of sample S2.
effects, we have observed the grain boundary contributions as
shown in Fig. 3. In the range of low frequency (100 Hz to 1 kHz) the
arc represents the grain boundary capacitance (Cgb) that increases
with increase in temperature, which indicates the clear effects of
grain boundary capacitance.
At the temperature 400 ◦C, the impedance data for sample S1
take the form of single arc, and represents the grain effect; on
the other hand, low-frequency arc represents the grain bound-
ary attributed to grain boundary appears for other samples. Which
means that polaronic conduction is predominant in this tempera-
ture; this is consistent with the formula proposed in Table 1 where
we see that this compound (sample S1) contains the minimum rate
of vacancy, and that it presents the lowest conductivity in the series
of samples, as will be seen later.
For all samples, when the temperature increased about 450 ◦C,
grain boundaries effect becomes more prominent with well-
deﬁned semicircle.
3.3. ac conductivity analysis
Fig. 4 shows the frequency-dependent conductivity (ac) of LN
at different temperatures. The ac conductivity (ac) was  calculated
using the following relation:
ac = 4 · b
d2
· G (3)
where b is the sample thickness, d is the diameter of the sample,
and G is the conductance (−1).
The conductivity plots of samples S1, S2 and S3 possess the fol-
lowing characteristics:
(i) Two areas differ markedly; at high frequencies there is clearly
an increase in conductivity with frequency, for all samples and
at different temperatures, and then only for frequencies below
a frequency critical (fc) that depends on the composition of the
sample; it becomes almost independent of the frequency to a
ﬁxed temperature.
(ii) We  see that the slope becomes very small relative to that
observed in the region where f > fc. Also, for the area of low
ian Ce
o
b
A. El Bachiri et al. / Journal of As
frequencies, we note the increase in the conductivity with tem-
perature for the same frequency.
A convenient formalism to investigate the frequency behavior
f conductivity at constant temperature in a variety of materials is
ased on the power relation proposed by Jonscher [33].
ac(ω) = dc + A · ωn (4)
.
.
.
.
.
.
.
.
.
. . . . . . .
. . . . . .
. . .
. . . . . . . . .
Fig. 3. Variation of Nyquist plots of samples (a) S1ramic Societies 4 (2016) 46–54 49
where ac(ω) is the total conductivity, dc is the frequency-
independent conductivity, and the coefﬁcient A and exponent n
(0 < n < 1) are temperature and material intrinsic property depend-
ent. The universal power law does not match well with our data.
We have used the modiﬁed power laws:
ac(ω) = A · ωn1 + B · ωn2 (5)
.
.
.
.
.
.
.
.
. . . . . .
, (b) S2 and (c) S4 at different temperatures.
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Fig. 3. (Conti
Table 3
Values of critical exponent n1 and n2 for S1, S2, and S3 at different temperatures.
Samples Temperature (◦C) n1 n2
S1 400 0.02 1.18
S1 800 0.03 1.28
S1 900 0.01 1.66
S2 300 0.024 1.71
S2 500 0.023 1.39
S2 900 0.016 1.33
S3 400 0.05 1.02
T
a
o
o
[
r
v
j
i
b
b
o
a
T
VS3 500 0.028 1.09
S3 800 0.018 1.74
hey matched well with our data. A and B are coefﬁcients and n1
nd n2 are critical exponents in different frequency regions. These
bservations in conductivity spectra can be explained on the basis
f jump relaxation model and conduction through grain boundaries
34–36].
According to this model, the conductivity in the low-frequency
egion is associated with the successful hops to its neighborhood
acant site due to the available long time period; such successive
umps result in a long-range translational motion of ions contribut-
ng to dc conductivity. The frequency-dependent conduction could
e attributed to localized orientation hopping (hopping of electron
ack and forth between two charge defects, the presence of induced
r permanent dipoles) assisted by small polaron mechanism [37].
The value of critical exponents of our ﬁtted data for few temper-
tures is reported in Table 3, the value n1 decreases with increase
able 4
alues of Ea (activation energy) and 0 (pre-exponential factor) before and after the temp
Samples Li/Nb Before the threshold temperature 
Ea (eV) 0 (−1 cm−1)
S1 1.007 0.78 0.13 
S2 0.971 0.85 0.97 
S3 0.948 0.84 0.71 
S4 0.911 0.88 1.15 nued ).
in temperature. The value of n2 increases with increase in tem-
perature. The ﬁrst exponent is associated with the charge carriers,
whose motion can be contributed due to dc conduction and dis-
persive ac response. According to [38], n > 1 is possible when the
electrical behavior of sample is made of two separate and indepen-
dent dispersion processes.
3.4. dc conductivity
The internal resistance of the sample for each temperature is
determined from the intersection of the arc of a circle with the Z′
axis and static conductivity is deducted. The values of the static
conductivity of LN to different stoichiometries are deducible from
diagrams of complex impedance for each studied temperature and
results of log(*T) vs 1000/T  for the four samples (S1, S2, S3 and
S4), and are shown in Figs. 5 and 6. According to Figs. 5 and 6,
we note that the static conductivity shows a surprising behavior
with temperature, that is to say that log(*T) shows a change in
slope at a temperature threshold and is not the same for all sam-
ples. In Table 4, we  gave (1000/T) values that correspond to this
change for each sample, as well as the values of energy of activation
and 0, deducible from Arrhenius relationship, before and after this
threshold temperature. The evolution of conductivity with temper-
ature reveals a behavior thermally activated with two  slopes. These
slopes correspond to energies of activation means 0.84 and 1.2 eV.
At the low temperature, the conductivity is attributed to
polarons conduction. According to Schirmer [39], three types of
erature threshold of samples S1, S2, S3 and S4.
1000/T After the threshold temperature
 Ea (eV) 0 (−1 cm−1)
1.15 1.20 27.2
1.07 1.23 80.8
1.08 1.25 123.6
1.20 1.24 88.1
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mall polarons are present in the lithium niobate. The ﬁrst, called
small polaron free”, is due to an electron self-trapped in a crystal-
ographic site of Nb-noted NbNb4+. An electron can also be trapped
n sites of antisite defect (NbLi4+). In addition, a pair of neighboring
olarons (NbLi4+–NbNb4+) may  form a bipolaron. These bipolarons
ay  be thermally dissociated. However, the activation energies
Fig. 4. Ac conductivity as a function of frequency at different teramic Societies 4 (2016) 46–54 51
deducible for our samples are close to the activation energies given
by Schirmer [39].
On the other hand, the polaronic conductivity is given by the
formula [40]:
dc =
0
T
· e −2Rr · e −EaKT (6)
mperatures for all samples (a) S1, (b) S2, (c) S3 and (d) S4.
52 A. El Bachiri et al. / Journal of Asian Ceramic Societies 4 (2016) 46–54
(Conti
w
e
r
e
rFig. 4. 
here 0 = N·e2·R2·vK , N is about 8 × 1021 cm−3 density of polarons,
 is charge of the electron, R is distance of the jump polaronic, r is
adius of polaron, K is Boltzmann’s constant, and Ea is activation
nergy.
According to [1], the values of the parameters R, r and ϑ are
espectively 4.165 A˚, 1.4 A˚ and 1013 Hz.nued ).
Then we found the following equation:log(dc · T) = 1.9 − 4.02 ·
1000
T
(7)
This theoretical estimate is in good agreement with the experimen-
tal results (Figs. 5 and 6). The results imply that transport properties
A. El Bachiri et al. / Journal of Asian Ceramic Societies 4 (2016) 46–54 53
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roelectric Switching, 1st ed., Springer, Berlin (2008).
[3] L. Arizmendi, Phys. Status Solidi A, 201, 253–283 (2004).2.
n our samples before the threshold temperature are well described
y the jump of polarons mechanism.
After the threshold temperature, this area corresponds to higher
emperatures. The concentration of intrinsic defects increased,
specially the vacancies, which facilitates the jump from lithium-
on and also protons; the ionic conductivity is a thermally activated
rocess. The temperature dependence of ionic conductivity is gen-
rally given by the Arrhenius equation. In this temperature range,
e can attribute the conduction to ionic conduction mechanism.
owever the activation energy for our samples in this temperature
ange values by means of 1.2 eV. This value is close to the values
f the activation energy which exists in the literature (from 1 to
.33 eV for protons H+ [40–43] and from 1.17 to 1.25 eV for Li+)
13,44,45].
In Table 4, we see that 0 is even greater when the number of
acancies is great (Li/Nb is small), except for the S4 sample, where
t should have a value larger than that of 88.1 −1 cm−1, since rate
aps are greater compared with S1, S2 and S3. This may  be due
o the fact that the amount of Nb in the antisite (NbLi) increases,
nd tends to block ionic conduction; however, before the threshold
emperature, as already noted, the S sample presents the greater4
olaronic conductivity, due to formation of polarons in niobium
ntisite.Fig. 6. Variation of static conductivity vs the 1000/T for the samples (c) S3 and (d)
S4.
4. Conclusion
In summary, a mechanosynthesis followed by the conven-
tional solid-state reaction approach was used for the synthesis
of single-phase LiNbO3 ceramics. An XRD pattern shows hexago-
nal crystal structure. Impedance spectra revealed the presence of
grain and grain boundary contributions in the electrical properties
of LiNbO3. Our data matched well with the modiﬁed power laws:
ac(ω) = A · ωn1 + B · ωn2 indicating that the charge carriers motion
in the low-frequency region was  due to dc conduction and disper-
sive ac response, whereas in the high-frequency region it was  due
to the presence of the local polar dipoles.
We showed that dc conductivity exhibits two activation ener-
gies in the ferroelectric phase for LN. The conduction mechanism
changes from polaronic conduction in low temperatures with an
average activation energy of 0.84 eV to ionic conduction in high
temperatures with an average activation energy of 1.2 eV.
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